Introduction
============

Infectious diseases are fatal enemies of the global population. Mycobacterium tuberculosis produces the bacterial disease tuberculosis (TB), which is usually transmitted from person-to-person by breathing infected air during close contact. In recent years, the number of individuals suffering from TB has been on the increase, largely due to HIV infection, immigration, increased trade, and globalization ([@B1], [@B2]). However, although TB is found in every country of the world, in 2012, the largest number of new cases occurred in Asia, accounting for 60% of new cases globally. Isoniazid (pyridine-4-carboxilic acid hydrazide or isonicotinic acid hydrazide; INH) is one of the most commonly used drugs for the treatment of TB, because it is highly active against Mycobacterium strains and inexpensive, and is associated with insignificant side effects ([@B3]). INH may be applied to treat latent tuberculosis, to prevent the TB infection from becoming active, and active TB is usually treated with a great success , along with INH in combination with one or more of several other agents, including rifampin, ethambutol, pyrazinamide, and streptomycin ([@B2], [@B4]). Pharmaceutical active substance analysis is necessary in drug quality control, as well as being a useful tool in therapeutic drug monitoring during TB treatment ([@B5]).

A survey of the literature reveals that several analytical methods, such as high-performance liquid chromatography ([@B6]-[@B12]), gas chromatography ([@B13]), UV ([@B13]-[@B19]), and derivative spectrophotometry methods ([@B20]) have been used in the analysis of INH in pharmaceuticals. However, these methods have some disadvantages, in that they use high-cost materials, and have complex experimental protocols, and require sample pretreatment, and are largely time-consuming.

In addition, electrochemical methods, such as potentiometry \[[@B21], [@B22]\], polarography([@B23] ) differential-pulse polarography ([@B24],[@B25]) , amperometry([@B3], [@B26], [@B27]), chronoamperometry ([@B28]), differential pulse voltammetry([@B29]), cyclic voltammetry (CV)( [@B30], [@B31]), and linear sweep voltammetry ([@B5]) have also been successfully used in INH analysis. Good sensitivity, precision and accuracy, simplicity, and rapidity are accepted as being the advantages of the electroanalytical techniques. In contrast, their disadvantages are that they require previous accumulation steps, and preclude obtaining a high sampling frequency. To eliminate these problems, researchers should use many different types of polymeric film-modified electrodes, due to their characteristics of good electrocatalysis and stability. Preparation of polymer-modified electrodes provided as electropolymerization have attracted widespread attention in determining various analytes, due to their selectivity, sensitivity, and homogeneity in electrochemical deposition, their strong adherence to the surface of the electrode, and the chemical stability of the films ([@B32]). Electrodes chemically modified by polyaniline, polythiophene, or polypyrrole have been used to detect electroactive materials ([@B5]). Among the various types of conducting polymers, poly (3,4-ethylenedioxythiophene; PEDOT), which has the advantage of easy electrodeposition onto surface by electrooxidation of its monomer, and such attractive properties as high conductivity (up to 400-600 S/cm), high transparency, and high environmental stability, is one of the most preferred ones ([@B32], [@B33]).

In the same manner, various electrodes based on chemical modifications together with direct detection of INH with bare metallic electrodes ([@B21]-[@B25], [@B29], [@B31]) have been improved to address the aforementioned problems. In these studies, voltammetric behavior of INH was assessed in various media; PEDOT/Pt ([@B5]), screen-printed carbon electrode modified with silver hexacyanoferrates ([@B26]), mesoporous carbon-modified electrode ([@B27]), Fe(tmphen)~3~^2+^ exchanged Nafion®-modified electrode ([@B30]), over oxidized polypyrrole glassy carbon-modified electrode ([@B34]), polyamidosulfonic acid glassy carbon-modified electrode ([@B35]) in pharmaceuticals. However, to our knowledge, there is no existing studies on electrochemical oxidation and amperometric determination of INH using a PEDOT-modified gold (Au) electrode in pharmaceutical preparations.

There are three main objectives of the present study. The first was to investigate the performance of PEDOT-modified Au electrodes for the electrochemical oxidation of INH in an alkaline solution; the second was to optimize the experimental conditions by applying a response surface methodology, based on central composite design (CDD), which possesses the property of saving time and effort by estimating the optimum conditions with the lowest number of experiments; and the third and last aim was to demonstrate the applicability of the optimized and validated voltammetric method for the determination of INH content in simple and combined pharmaceutical formulations.

Experimental
============

*Apparatus*

Electrochemical polymerization and characterization were carried out in a single-compartment, three-electrode Teflon cell, using a BAS 100 W electrochemical analyzer. In all cases, an Ag/AgCl/3M NaCl electrode served as the reference electrode, and a platinum wire was used as the counter electrode. Single crystalline Au(111) electrodes were used as working electrodes during the electrochemical oxidation of INH, and pH measurements were carried out with a laboratory pH-meter. All experiments were conducted at room temperature.

*Materials and reagents*

All materials and reagents used in the proposed method were of analytical or pharmaceutical grade. 3,4-Ethylenedioxythiophene, INH, lithium per chlorate (LiClO~4~), potassium dihydrogen phosphate (NaH~2~PO~4~), NaCl, and acetonitrile were purchased from Sigma-Aldrich (Germany), and obtained ultrapure water using a Milli-Q water purification system (Barnstead, EASYpure RF, US). All other chemicals and solvents were analytical-grade and bought from commercial sources. INH tablets (Isovit^®^(100 mg) and INH^®^(300 mg) were bought from the Turkish drug market, and highly purified nitrogen were used for de-aeration.

*Stock and reagent solutions*

A stock solution of INH were prepared with phosphate buffer solution (pH 9.2) at a concentration of 1 mM and stored this at 4 C. Several phosphate buffer solutions (pH: 7-11) were arranged from 0.1 M NaH~2~PO~4~ or 0.1 M H~3~PO~4~ and adjusted these by 0.1 M NaOH, in order to reach the concentration and pH values established by the experimental design, and prepared calibration working solutions (0.05, 0.1, 0.25, 0.5, 0.75, 1, 1.5, and 2 µM) and quality control solutions (0.1, 0.75 and 1.5 µM) on a daily basis, by diluting the stock solution with phosphate buffer solution (0.1M, pH 9.2).

*Preparation of PEDOT modified Au-electrode*

The elecotrochemical polymerization of the PEDOT was provided as a cyclic voltammetric method in non-aqueous solution, including 0.1 M LiClO~4~ in acetonitrile, in accordance with the study conducted by Kumar *et a.* ([@B36]). In all cases, the reference electrode was an Ag/AgCl/3M NaCl, and the counter electrode was a platinum wire. Single-crystal Au(111) was prepared in accordance with the method proposed by Demir *et al*. ([@B37]). To obtain (111) facets, the gold electrode (Johnson Matthey, 99.999%) was flamed for 20 s, and, after a short cooling time in air, quenched the electrode in Milli-Q water. The same procedure was repeated at least five times. The produced single crystalline Au(111) electrodes was used as working electrodes during the electrochemical oxidation of INH, and synthesized the polymer by cycling the electrode potential in the range of 0 V and 1.6 mV. The scanning potential rate was 100 mV/s. The modified electrode was rinsed with acetonitrile and distilled water, in order to remove any physically adsorbed monomer that may have remained. Finally, this modified electrode is here after referred to as Au-PEDOT.

*Preparation of pharmaceutical formulation*

10 tablets for each formulation were accurately weighed and finely powdered, and then added the amount from one tablet to a flask, along with 40 mL phosphate buffer solution (0.1M, pH 9.2). The solution was sonicated for 15 minutes, cooled down to room temperature, and increased the volume to 50 mL. The desired concentrations for measurements were achieved by diluting this stock solution with 0.1 M phosphate buffer solution (pH 9.2).

*Software*

The experimental design and statistical analysis were calculated by using the Microsoft Excel 2010, SPSS 11.5 software program (SPSS, Chicago, IL, USA), and Design-Expert 8.0 (Stat-Ease Inc., Minneapolis, MN, USA).

Results
=======

*Electrochemical behavior of INH on PEDOT modified Au-electrode*

Cyclic voltammetric curves (CVs) data were obtained on bare gold electrode and PEDOT-modified gold electrode in phosphate buffer solution (pH: 9.2), containing 1 µM INH, as shown in [Figure 1](#F1){ref-type="fig"}. A single oxidation peak was recorded at 0.25 V, in accordance with the CV of INH, in this solution (curve blue). A relatively similar curve was received for the bare gold electrode, in terms of CV in the same solution (curve red), except that the CV had a smaller current and higher INH oxidation potential. As seen in [Figure 1A](#F1){ref-type="fig"}, there is a significant difference in terms of intensity of the peak current densities, and that of the PEDOT-Au electrode was approximately 4-folds higher than that of the bare Au. The higher peak current densities for the PEDOT/Au electrode lead to more favorable oxidation of INH than of the bare Au electrode. Thus, the higher peak currents for INH oxidation on the PEDOT/Au electrode could be more advantageous, because of its property of higher effective surface areas, improved mass transport, and higher catalytic effect due to electronic properties, compared to the other conductive.

![**A)** CVs of bare gold electrode and PEDOT modified gold electrode in an aqueous solution (pH: 9.2) containing 1 µM INH, **B)** The curve of the stability data for the PEDOT modified Au-electrode](ijpr-15-065-g001){#F1}

*Response stability and reproducibility of the PEDOT modified Au-electrode*

Response stability of PEDOT/Au electrode was evaluated by measuring the anodic peak current response at a fixed 1 µM in phosphate buffer solution (pH: 9.2) at the identical surface of PEDOT/Au electrode without renewal for 20, 50 and 100 times in a day. 97%, 96%, and 95% of the initial amperometric response (the mean peak current for 1 µM INH was 0.31 in [Figure 1A](#F1){ref-type="fig"}) was obtained as can be seen in, [Figure 1B](#F1){ref-type="fig"}, respectively, indicating PEDOT/Au has shown good stability under continuous use. In addition to this, renewed surface of PEDOT/Au electrode in phosphate buffer solution (pH: 9.2) was evaluated in terms of its reproducibility. The average peak current for 1 µM isoniazid was 0.307 0.005 (n=6). This data definitely showed that this modified electrode has a remarkable reproducibility. However, PEDOT/Au electrode was prepared only one time. Despite of its high reproducibility, this electrode was used during the whole analysis due to its response stability.

*Optimization of Experimental Parameters by Central Composite Design (CCD)*

A CCD was performed to optimize and determine of the interaction between selected factors the operating parameters for determining INH levels in pharmaceuticals. Scan rate (mV/s, B), pH (A) and temperature (C, C) are the three significant selected factors necessary to carry out CCD. In order to make a decision regarding the significance of these three parameters, preliminary experiments and knowledge obtained from previous studies were utilized. The range of the three factors were determined as follows: pH (7-11), scan rate (100-300 mV/s), and temperature (30-60 C). The response variable of the CCD was accepted as being the peak current densities of INH. The CCD method was carried out by using eight factorial and six axial runs, and, in addition to these measurements, the model was maintained in six axial runs at center points. In order to carry out rotatability, 1.689 (α = (23)1/4 ∼1.689) value was selected to be the α value of the CCD.

The experimental conditions for CCD and the results of peak current densities are summarized in [Table 1](#T1){ref-type="table"}. Three-dimensional graph were plotted, which is called as response surface, for the experimental results of the obtained peak current densities from CCD

![Surface plot for INH peak current densities **A)** Effect of A and B and their reciprocal interaction **B)** Effect of A and C and their reciprocal interaction **C)** Effect of B and C and their reciprocal interaction](ijpr-15-065-g002){#F2}

([Figure 2](#F2){ref-type="fig"}), and fitted the experimental data to the response surface in order to obtain the optimum conditions. The following equation was improved for the quadratic regression model in coded terms:

Y = 0.28+ 0.017A +0.027 B -0.035 C+0.014 AB+0.011 AC+0.00625BC- 0.061 A^2^- 0.018 B^2^- 0.013 C^2^

###### 

The real values of optimization method parameters against peak current densities of INH defined as response for the central composite design

  ----------------------------------------------------------------------------------------------------------------
  \                **A: pH**   **B: Scan Rate (mV/s)**   **C: Temperature (C)**   **IF: Peak Current densities**
  **Experiment**                                                                  
  ---------------- ----------- ------------------------- ------------------------ --------------------------------
  1                11.0        100                       30.0                     0.18

  2                9.0         32                        45.0                     0.15

  3                9.0         200                       45.0                     0.27

  4                9.0         368                       45.0                     0.35

  5                11.0        300                       60.0                     0.19

  6                7.0         300                       60.0                     0.12

  7                12.3        200                       45.0                     0.20

  8                7.0         100                       60.0                     0.15

  9                7.0         100                       30.0                     0.21

  10               9.0         200                       70.2                     0.18

  11               7.0         300                       30.0                     0.2

  12               5.6         200                       45.0                     0.06

  13               9.0         200                       19.8                     0.35

  14               11.0        100                       60.0                     0.12

  15-20            9.0         200                       45.0                     0.27-0.28
  ----------------------------------------------------------------------------------------------------------------

Where Y is the response factor corresponding to the peak current densities, and A, B, and C represent the three significant factors mentioned above. The p value was 0.0235, in accordance with the statistical parameters obtained from the analysis of variance for the model. This model could consider being significant, due to a p value of \< 0.05, and it was claimed that pH and temperature significantly affected the peak current densities of INH. Maximum desirability was observed on the coordinates of a pH of 9.2, a scan rate of 260 mV/s, and a temperature of 30 C. To confirm the point prediction values, experiments (n = 10) were maintained to determine the response peak current densities values, using the conditions recommended by the model. The mean peak current density value of the results was 0.315 ± 0.037, indicated a fairly good agreement with the predicted results.

*Validation and Quantitation*

The proposed method was validated by evaluating the parameters of specificity, linearity, sensitivity, precision, accuracy, recovery, and stability, in accordance with International Conference on Harmonization Q2B guidance ([@B38]).

The specificity of the proposed method was clearly evidenced by the identical oxidation peak of INH in standard solution ([Figure 3](#F3){ref-type="fig"}) and drug samples containing the excipients and vitamin B6 ([Figure 4](#F4){ref-type="fig"}). The oxidation peaks of vitamin B6 and drug excipients were not identified at PEDOT/Au electrode under the described experimental conditions.

![**A)** CVs as increasing concentration of INH (0.05-2 μM) in phosphate buffer solution (0.1M, pH 9.2) at PEDOT/Au electrode. **B)** Calibration curve for INH of different concentrations from (0.05-2 μM](ijpr-15-065-g003){#F3}

![CVs of drug solutions (0.75 µM) in phosphate buffer solution (0.1M, pH 9.2) at PEDOT/Au electrode. **A)** I.N.H tablets **B)** Isovit tablets](ijpr-15-065-g004){#F4}

The linearity of method was shown by linear calibration curves obtained by plotting peak current densities of INH versus concentration of INH. [Figure 3A](#F3){ref-type="fig"} exhibits the CVs recorded under increasing concentrations of INH (0.05, 0.1, 0.25, 0.5, 0.75, 1, 1.5, and 2 μM). The obtained calibration curves are also shown ([Figure 3B](#F3){ref-type="fig"}). Linear regression analysis was used to evaluate the linearity, which was calculated by least-squares regression analysis. The average of six calculated linear regression equation was Y= 0.1727 C+ 0.1357. C is the concentration (μM) of INH, and Y is peak current densities of INH (μA). Furthermore, standard deviation of intercept (Sa) and slope (Sb) of regression lines from these six linear regression equations were calculated as 0.00074 and 0.0028, respectively. The correlation coefficient was 0.9998, which definitely represents a good linearity over the working concentration range.

The limit of detection (LOD) and the limit of quantitation (LOQ) were calculated as 3.3 /S and 10 /S, respectively, where σ is the standard deviation of the intercept of the regression line, and S is the slope of the regression line of the calibration curve. The LOD and LOQ were 0.014 μM and 0.043 μM, respectively. The LOD value is sufficient for INH analysis in the pharmaceutical preparations.

In order to assess the precision of the methods, the percent relative standard deviation (RSD %) and the accuracy of method relative error (RE) values were evaluated with intra-day and inter-day measurement at three different concentration levels of INH that are known to be quality control solutions (0.1, 0.75 and 1.5 µM). The RSD % values for intra-day and inter-day precision of proposed methods were ≤ 7.97 %, and the RE values for the intra-day and inter-day accuracy studies of method was between -5.65 and 4.03. These results are shown in [Table 2](#T2){ref-type="table"}.

###### 

Precision and accuracy of INH obtained with the proposed method

  ----------------------------------------------------------------------------------
  **Added**\   **Intra-day**   **Inter-day**                                  
  **(M)**                                                                     
  ------------ --------------- --------------- ------ --------------- ------- ------
  0.1          0.104 ± 0.005   4.03            5.47   0.099 ± 0.008   -0.79   7.97

  0.75         0.742 ± 0.020   -0.98           2.72   0.707 ± 0.047   -5.65   6.66

  1.5          1.493 ± 0.018   -0.44           1.18   1.517 ± 0.049   1.19    3.23
  ----------------------------------------------------------------------------------

SD: Standard deviation,

: Average of ten determinations, RSD %: Relative standard deviation. RE: Relative error.

Whether excipients and other active drug substance (Vitamin B6) interfered the analyte in the tablets or not was determined by recovery test which based on addition of known amounts of pure drug to pre-analyzed formulations of INH. Recovery study (R %) was carried out by spiking known quantities (0.1, 0.75, and 1.5 µM) of standard into the drug solutions, which were prepared from Isovit^®^ and INH^®^ tablets. The analytical recovery was calculated by the following formula:

R % = \[Ct-Ce/Ca\]x100

where Ct is the total concentration of INH in the added samples, Ce is the concentration of INH to be estimated in pharmaceutical tablets, and Ca is the concentration of standard INH added. The obtained results had good accuracy for reliable electro-analytical analysis of INH, with a mean recovery of 99.8 4.36 % for Isovit^®^ tablets, and 99.1 3.27 % for INH^®^ tablets.

Solution stability of standards and tablet samples were assessed at room temperature and 5C. For this, standards and tablet solutions at 0.1, 0.75 and 1.5 µM were analyzed initially and at different time intervals (6, 24 and 48 h). The standards and sample solutions were stable for at 24 hours at room temperature and at least 48 hours at 5 C.

The developed voltammetric method was applied to analyze the commercially available formulations of Isovit^®^ and INH^®^ tablets ([Figure 4](#F4){ref-type="fig"}). To evaluate the amount of INH present, the samples were analyzed 10 times after preparing the drug as mentioned previously, in the "Experimental Procedure" section. The INH content of pharmaceutical tablets were calculated on the basis of the standard calibration curve and the obtained results expressed as a percentage of drugs related to label claim was shown in [Table 3](#T3){ref-type="table"}. In addition this, these results were statistically compared with the official USP methods ([@B17], [@B39]), using the two one-sided equivalence test (TOST). The upper and lower acceptable limits for the difference in the amount of the active ingredient at each dosage have been predetermined as -3.0% to 3.0% (40). The critical t value for 18 degrees of freedom, with a set for the TOST at 0.05 was 1.734. The calculated confidence intervals for Isovit^®^ and INH^®^ tablets were -0.619 to 1.438, and -0.747 to 1.432, respectively. Therefore, it was concluded that the results obtained with the proposed method and the USP reference assay were equivalent.

###### 

Determination of INH in commercial tablets using the proposed voltammetric method and comparison statistically with the Official U.S.P. methods (17, 39) results

  ------------------------------------------------------------------------------------------------------------------------------------------------------
  **Drug**   **Label claim**\      **Found** [a](#TFN2){ref-type="table-fn"} **SD**\   **RecoverySD, (%)**   **Confidience Interval**            
             **(mg per tablet)**   **(mg)**                                                                                                      
  ---------- --------------------- --------------------------------------------------- --------------------- -------------------------- -------- -------
  Isovit     100                   100.2 ± 1.55                                        100.2 ± 1.55          99.82 ± 1.11               -0.619   1.438

  I.N.H      300                   300.5 ± 5.36                                        100.2 ± 1.68          99.82 ± 1.11               -0.747   1.432
  ------------------------------------------------------------------------------------------------------------------------------------------------------

SD: standard deviation,

: Average of ten determinations.

Conclusions
===========

In this study, it was observed that PEDOT-Au exhibited relatively higher current densities and a higher number of negative values for INH electrooxidation, compared to the bare Au electrode. In addition, good electrocatalytic activity, fast response toward INH oxidation, and a low detection limit of 0.0043 μM are the other advantages of the modified electrode. Enhancement in the catalytic effect of modified gold may produce the electronic property of PEDOT.

Three factors that have important roles in the peak current densities of INH (pH, scan rate, and temperature) were simultaneously optimized by using a response surface methodology based on the central composite design, which has the advantages as saving time, effort and using less chemicals in estimating the optimum conditions. The validation study supported the selection of the assay conditions by confirming that the method was specific, sensitive, accurate, and precise. In addition, this method does not involve complex procedural steps, and can be easily and directly applied to pharmaceuticals. The results obtained in the present study showed that the voltammetric method, performed by applying the described approach to select optimum conditions, might well be suitable to quantify the drug and to check formulation content uniformity in the pharmaceutical industry.

This study was presented in poster format at the 6th Black Sea Basin Conference on Analytical Chemistry in Trabzon, Turkey (2013).
